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(54) Magnetic gradient detector and method 

(57) Two portions (B,C) of one arm of an optical fibre Mach-Zehnder interferometer are maqneticallv 
sensitised and each has applied thereto an a.c. bias field at a respective different frequency {w, wl) One 
portion (A) of the other arm of the interferometer is magnetically sensitised and has two a.c bias fields 
applied thereto each at one of the different frequencies (w,, w,). The fields for portions A and C are 
aligned with a first direction (x) whereas those for A and B are parallel, A and B being separated in a 
second direction (y). The detected output of the interferometer at frequency w, is related to the maqnetic 
fntTJZlrf-^ d^ection, whereas the detected output at frequency w, is related to the magnetic gradient 
in the X direction. Thus using two bias frequencies allows one interferometer to be used to detect two 
gradients . 
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SPECIFICATION 

Magnetic gradient detection 

5 This invention relates to magnetic gradient de- 
tection and in particular to an optical fibre 
magnetic gradient detector. 

Magnetic anomaly detection (MAD) systems 
are used ^or submarine detection and geophy- 

10 sical survey systems. A convenient way of 
detecting an anomaly is to measure the gradi- 
ent of the magnetic field. The Earth's field will 
be distorted by an anomaly so that a gradient 
of the ambient field results. Our co-pending 

15 Applications No. 8504729 (Serial No. ) 
(P, Extance-R.E. Jones 18-18) and No. 
8504731 (Serial No. ) (P. Extance-R.E. 

Jones 20-20) describe various gradient detec- 
tor schemes whereas the present application 

20 relates to a particular form of fibre optic mag- 
netic gradient detector. 

It is well known that when certain materials 
are placed in a magnetic field their length 
changes. Such materials are said to be magne- 

25 tostrictive. For small fields of magnitude 
the change in length Is proportional to H^, if 
an optical fibre is bonded to or coated with a 
magnetostrictive material, or coiled around a 
magnetostrictive former, then the application 

30 of a magnetic field causes a change in the 
optical path length within the fibre, this being 
due to a combination of both length and re- 
fractive index changes. This path length 
change can be measured by incorporating the 

35 magnetically sensitised fibre in one arm of an 
all-fibre Mach-Zehnder interferometer and 
hence the magnetic field can be determined. 
The interferometric configuration means that 
small changes in fibre length may be readily 

40 detected; it is well documented that optical 
path length changes as small as 10 ^ of a 
wavelength, i.e. 10 '^m may be detected. 
Minimum detectable fields of 1 gamma per 
metre of sensitised fibre have been demon- 

45 strated. Because such small length changes 
may be easily caused by effects other than 
. the desired magnetostrictive one. such as 
temperature and pressure, the interferometer 
suffers from cross-sensitivity to other para- 

50 meters. Since the frequency range of interest 
for a particular magnetic sensor is in the re- 
gion 0.01 to 1Hz, clearly the low frequency 
noise due to environmental fluctuations will 
obscure small signals. Various other para- 

55 meters of the interferometric system also 

change on a similar time scale, such as polari- 
sation fluctuations in the fibres and these also 
obscure the magnetic signal. 

In conventional all-fibre Mach-Zehnder inter- 

60 ferometers the detection of a.c. magnetic sig- 
nals, where the most sensitive measurements 
to date have been achieved, is usually accom- 
plished using active homodyne demodulation 
which maintains the interferometer at quadra- 

65 ture by compensating for low frequency phase 



variations such as those which arise from 
temperature. The system maintains maximum 
interferometric sensitivity to a.c. magnetic 
fields beyond the frequency range of the com- 
70 pensation. This signal recovery system relies 
on the amplitude of the magnetic signal being 
greater than that of the interferometer 1/f 
noise at the chosen signal frequency. DC mag- 
netic field detection is a more difficult problem 
75 because the signal is in the same frequency 
band as the 1 /f noise and one has no prior 
knowledge of the signal waveform. One con- 
ventional interferometer is that disclosed by 
Koo K.P. et al in "A Fiber Optic DC Magneto- 
80 meter" IEEE J. Lightwave Technology, LT-T, 
3, pp 524-5, 1983. This dc magnetometer 
uses an ail-fibre Mach-Zehnder with a diode 
laser source and a passive demodulation 
scheme with a (3X3) coupler. A coil was 
85 wound around a metallic glass (magnetostric- 
tive material) sensitised arm, and an a.c. bias- 
ing field was applied thereby. A spectrum an- 
alyser was used to measure signals at the 
output of the interferometer which were at the 
90 frequency of the alternating bias field. Upon 
the application of d.c. bias fields, simulating 
d-c. fields to be detected, the output was 
shown to be linear up to an applied field of 1 
Oe and by comparing the signal due to a 
95 known field with the noise of the system the 
sensitivity was determined to the 10 '° tesia 
m ' in a 1Hz bandwidth, in a magnetic gradi- 
ent detector both arms of a Mach-Zehnder in- 
terferometer are sensitised with magnetostric- 

100 tive material and they are separated by a de- 
sired baseline spacing. Koo K.P. and Sigel 
G.H. describe a magnetic gradient detector in 
"A Fibre-Optic magnetic gradiometer" IEEE J. 
Lightwave Technology, LT-1, 3, p 509, 1983. 

105 Both arms of the interferometer were sensi- 
tised to the same degree and the device re- 
sponded to difference in field between the 
two arms. The Qptical source and demodula- 
tion scheme of the interferometer were the 

1 10 same as described in the first mentioned pa- 
per, but there were two sets of excitation 
coils providing the alternating bias fieids, both 
operating at the same frequency. The magni- 
tudes and phases of the a.c. and d.c. compo- 

1 15 nents of these fields were carefully balanced 
in order to remove any common mode effect 
caused by variations in the ambient field level. 
The ability to carry out this fine tuning electri- 
cally rather than mechanically altering the cou- 

120 pling between the fibre and the metallic glass 
is particularly advantageous. The gradient sen- 
sitivity that can be achieved is similar to that 
of the simple total field sensor i.e. 10 *^° tesIa 
m ^ with a baseline spacing of 0.1m. 

125 According to one aspect of the present in- 
vention there is provided an optical fibre mag- 
netic gradient detector which comprises first 
and second optical fibres arranged as the 
arms of an optical fibre Mach-Zehnder interfer- 

130 ometer and which is adapted to detect two or 




more magnetic gradients by virtue of the rela- 
tive arrangement of magnetically sensitised 
portions of the fibres and the provision of 
bras fields, for said portions, which oscillate at 
5 two or more, respectively, bias frequencies. 
According to another aspect of the present 
invention there is provided a method of de- 
tecting two or more magnetic gradients with 
first and second optica! fibres arranged as the 

10 arms of an optical fibre Mach-Zehnder interfer- 
ometer and having magnetically sensitised por- 
tions, comprising the steps of providing bias 
fields at the sensitised portions which oscillate 
at two or more, respectively, bias frequencies 

15 and disposing the sensitised portions relative 
to one another whereby they can respond to 
the two or more magnetic gradients to be 
detected. 

Embodiments of the invention will now be 
20 described with reference to the accompanying 
drawings, in which: 

Figs, la, b and c indicate detection 
schemes for d.c. fields; 

Figs. 2 illustrates, schematically, the sensor 
25 head of a fibre optic magnetic gradient detec- 
tor arranged to detect two magnetic gradients 
at right angles to one another; 

Fig. 3 illustrates, schematically, the optical 
system of the detector of Fig. 2; 
30 Fig. 4 illustrates a systems diagram of the 
detector of Figs. 2 and 3; 

Fig. 5 illustrates an optical fibre magneto- 
meter; 

Fig. 6 illustrates one configuration of an op- 
35 tical fibre magnetic gradient detector; 

Fig. 7 illustrates an alternative configuration 
of optical fibre magnetic gradient detector, 
and 

Fig. 8 illustrates the detector of Fig. 2 when 
40 drawn in the same format as Figs. 5 to 7. 

In order to obtain magnetic field measure- 
ments with the quoted sensitivity at low fre- 
quencies using an all-fibre Mach-Zehnder inter- 
ferometer, it is necessary to carry out pro- 
45 cessing to remove the signal from the 1/f 
noise. The magnetostriction versus applied 
field curve is a non-linear, even function of 
magnetic field (Fig. 1a - solid line), and by ap- 
plication of a suitable alternating bias field 
50 (Fig. lb), the level of the ambient d.c. field 

may be deduced by examining the response at 
odd harmonics of the excitation (bias) fre- 
quency, in particular the first, or fundamental 
harmonic. The use of an alternating bias field 
55 means that the system is not passive, as elec- 
trical connections are needed to produce the 
bias field which is generated by passing an 
a.c. current through a coil in which the sens- 
ing fibre is disposed, for example. As a result 
60 it is not necessary to go to great lengths to 
achieve a truly passive demodulation scheme 
for the interferometer which is instead con- 
trolled by means of a piezoelectric phase mo- 
dulator in one arm. This simplifies the support 
65 circuitry required and reduces the system 



noise. The d.c. magnetic signal is measured at 
a frequency where the amplitude of the 1 /f 
noise is much smaller by an approach using 
active homodyne demodulation with the piezo- 
70 electric phase modulator maintaining quadra- 
ture. 

Reference to Fig. 1a shows that for small 
values of applied field the magnetostriction 
versus magnetic field curve is parabolic. The 
75 application of an oscillatory bias field will, 
therefore, result in a magneto strictive re- 
sponse (lambda) given by the product of this 
bias field and the gradient of the curve 

80 lambda ^ k, 

d{Iambda)/dH == 2k. H 

This is linear in lambda. Hence the magnetos- 
trictive output at the bias frequency is directly 
85 proportional to the ambient field. A further 
feature of this detection system is that it can 
provide information about the sign of the d.c. 
field, whereas a simple magnetostrictive sen- 
sor (without a bias), because of the square- 
90 law response, can only give an indication of 
the magnitude of the field. The altemating bias 
field can be at any frequency which is more 
than twice that of the highest measurement 
frequency of interest, a typical value being 
95 IkHz. This is high enough to extract the signal 
of interest from the troublesome 1/f noise, 
while still giving good response from the mag- 
netostrictive material (metallic glasses operate 
at frequencies up to approximately 10kHz). 
100 Noise sources that are removed by this means 
include environmental perturbation of the opti- 
cal path length along the fibres and, to first 
order, fluctuations in the state of polarisation 
of light transmitted along the fibre. Fig. 1(b) 
105 illustrates the operation of the detection 

scheme of Fig. la when a small d.c. field is 
present. Fig. 1c illustrates the operation of an 
alternative d.c. field detection scheme, this 
time employing a unidirectional oscillating bias 
110 field rather than the bipolar bias fields of 
Figs. la and b. 

A magnetic gradient detector consisting of 
an optical detector module and a separate 
control electronics module may have advan- 
1 1 5 tages by way of facilitating their relative dis- 
posal in use, however if so required the de- 
tector and control electronics may be integral. 
A sensor head (optical detector) 1 is shown 
schematically in Fig. 2 and is based on an all- 
120 fibre Mach-Zehnder interferometer with both 
arms magnetically sensitive. Coils (planar and 
horizontal) of sensitised optical fibre, such as 
coil 2, are located inside solenoids 3, 4 and 5 
which provide the necessary oscillating bias 
125 fields for the d.c. detection technique. There 
is an optical fibre coil 2 in solenoid 5, an 
optical fibre coil 6 (not shown In Fig. 2) in 
solenoid 3, which has two separate windings, 
and an optical fibre coil 7 (not shown in Fig. 2) 
130 in solenoid 4. The design of the optical sys- 
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tern is shown in Fig. 3. One arm of the inter- 
ferometer, which can be considered a refer- 
ence arm, includes only one coil of sensitised 
optical fibre, that is coil 6 which is disposed 
5 in solenoid 3. The coils of sensitised fibre 2 
and 7 are connected in series in the other 
signal arm of the interferometer. The output of 
a stabilised laser 8 is applied to both arms of 
the interferometer via a 3dB input coupler 9. 

10 The output optical signals are applied to a 
detector means 1 1 via a 3dB output coupler 
10. The component of magnetic field to be 
measured is that directed along the axis of the 
solenoids 3 and 4. Coils 6 and 7 thus give 

15 the gradient of the field along its own axis 
and coils 6 and 2 give the gradient of the 
field along an axis perpendicular to that of the 
fieid component. The resultant optical signal 
are multiplexed onto the same interferometer 

20 by taking advantage of the d.c. detection 
technique whereby a signal of interest is 
modulated onto a carrier. This enables one 
sensor head to measure two gradients simul- 
taneously. Operation of the detector will be 

25 described funher hereinafter with reference to 
Figs. 5, 6 and 7. 

To obtain maximum benefit from the detec- 
tion scheme, digitally generated sinewave cur- 
rent sources with minimal harmonic content 

30 are employed as the sources for the bias fieid 
solenoids. Thus the crosstalk between the 
two channels is minimised and the accuracy of 
the first harmonic signal is maximised, it being 
the first harmonic component of the photode- 

35 tector output which is increased in proportion 
to the magnitude of the gradient of the mag- 
netic field. The arm including sensitised coil 6 
also includes an unsensitised coi! 12, which 
coil 12 is disposed around a PZT cylinder 13 

40 constituting the above mentioned piezoelectric 
phase modulator. Fig. 4 shows a block diagram 
of the complete system. Block 1 comprises 
the sensor head (optical detector module) 
whereas block 16 comprises a control elec- 

45 tronics module. The blocks are interconnected 
by an optical cable 1 7 and an electrical cable 
18. The block 1 includes the elements of Fig. 
2 namely the couplers 9 and 10, the PZT 
phase modulator 13 with its fibre coil 12, the 

50 magnetically sensitised coils 2, 6 and 7 and 
the bias field solenoids 3, 4 and 5. The block 
16 includes the stabilised laser 8, the detector 
means 1 1 , a lock-in amplifier 1 9 coupled to 
the detector means output, a PZT H.T. supply 

55 20, which is controlled by the detector means 
11 via a feedback control 21, and a.c. current 
supplies 22, for the bias field solenoids, with 
a common mode nulling means 23. With d.c. 
magnetic field signals in the frequency range 

60 0.03 to 1Hz, for example, maximum sensitivity 
is achieved for that r-ange due to the large 
integration time available for the signal by the 
lock-in amplifier 19. For the detection of 
higher frequency signals spectrum analysis 

65 may be preferable, however the signal to 



noise ratio available for this mode of data re- 
covery is inferior to that from a lock-in ampli- 
fier system. 
The all-fibre Mach-Zehnder interferometer is 
70 constructed from single mode fibre and fused 
all-fibre 3dB couplers are preferable. Fibre tails 
from the various components are preferably 
fusion spliced together so that no microposi-^ 
tioners or bulk optical components are re- 
75 quired and resulting in an extremely rugged 
system. The laser light source 8 may be a 
single frequency laser diode operating at 0.85 
micrometres or 1.3 micrometres wavelength, 
the detector means being chosen accordingly. 
80 Semiconductor diode lasers have the advan- 
tage of small size, modest power supply re- 
quirements and mggedness, but for interfero- 
metry they are inferior to gas lasers in their 
coherence length and output wavelength sta- 
85 bility. It is, however, possible to stabilise the 
output wavelength using an ail-fibre Fabry- 
Perot cavity to lock it, attention is directed in 
this respect to our co-pending Application 
No.8401143 (Serial No. ) (R.E. Jones- 
90 R.H. Pratt 5-1). The stabilised laser 8 also 

includes means for controlling the temperaturje 
of its mount, such as by means of a Peltier 
cooler and thermistor module. 

Instead of employing the sensor head of 
95 Fig. 2, that is optical detector module of block 
1 of Fig. 4 with the control electronics block 
16 including the lock-in amplifier 19 or a 
spectrum analyser to provide a measure of 
magnetic field gradient, a known fieid gradient 

100 may be applied, for example by means of 
Helmholtz coils, so that the gradient to be 
measured is cancelled, the current in the coils 
then providing a measure of the gradient. 
The operation of the two gradient detector 

105 of Figs.2 to 4 will now be discussed in 
greater detail with reference first to Fig. 5 
which shows, schematically , a single optical 
fibre magnetometer interferometer comprising 
an optical fibre 30 a portion of which is mag- 

110 netically sensitised by a magnetostrictive ele- 
ment 31, an optica! fibre 32 comprising a ref- 
erence fibre with a PZT phase modulator 33 
associated therewith, the fibres being coupled 
by 3dB couplers 34 and 35. The magnetos- 

115 trictive element 31 is disposed within a coil 
36 coupled to a supply source 37 which sup- 
plies an a.c. bias field at frequency w. The 
output of a laser 38 is applied to one optical 
fibre and to the interferometer comprised by 

120 the two optical fibre arms 30 and 32. The 

interferometer outputs are detected by detec- 
tors 39 and 40, whose outputs as well as 
indicating the magnetic fields are employed to 
control the phase modulator 33 via operational 

125 amplifier 41 and integrator 42. 

It the magnetostrictive element 31 is sub- 
jected both to the field of interest (the d.c. 
field to be measured) and the a.c. bias field at 
frequency w, then the non-linear character- 

130 istics of the magnetostrictive material will 



